Recent trials evaluated the safety and efficacy of two protease inhibitors, boceprevir (Victrelis) and telaprevir (Incivek), added to standard care with pegylated interferon and ribavirin, in patients with chronic hepatitis C virus (HCV) infection. These drugs open the door for triple therapy and other new therapies involving combinations of other direct-acting antiviral agents to become the new standard of care for this population.
T
he treatment of hepatitis c virus (HCV) infection is on the brink of major changes with the recent approval of the first direct-acting antiviral agents, the protease inhibitors boceprevir (Victrelis) and telaprevir (Incivek).
Both drugs were approved by the US Food and Drug Administration (FDA) Advisory Panel for Chronic Hepatitis C in May 2011 and are believed to significantly improve treatment outcomes for patients with HCV genotype 1 infection.
This review summarizes the results of recent phase 3 clinical trials that evaluated the safety and efficacy of these new agents (TABLE 1) . [1] [2] [3] [4] [5] ■ a major public health problem HCV infection is a major public health problem. Nearly 4 million people in the United States are infected. 6, 7 Most patients with acute HCV infection become chronically infected, and up to 25% eventually develop cirrhosis and its complications, making HCV infection the leading indication for liver transplantation. [8] [9] [10] Chronic HCV infection has a large global impact, with 180 million people affected across all economic and social groups. 11 The highest prevalence of HCV has been reported in Egypt (14%), in part due to the use of inadequately sterilized needles in mass programs to treat endemic schistosomiasis. In developed countries, hepatocellular carcinoma associated with HCV has the fastest growing cancer-related death rate.
■ currently, fewer than 50% of patients are cured
The goal of HCV treatment is to eradicate the virus. However, most infected patients (especially in the United States and Europe) are infected with HCV genotype 1, which is the most difficult genotype to treat. Successful treatment of HCV is defined as achieving a sustained virologic response-ie, the absence of detectable HCV RNA in the serum 24 weeks after completion of therapy. Once a sustained virologic response is achieved, lifetime "cure" of HCV infection is expected in more than 99% of patients. 13 The current standard therapy for HCV, pegylated interferon plus ribavirin for 48 weeks, is effective in only 40% to 50% of patients with genotype 1 infection.
14 Therefore, assessing predictors of response before starting treatment can help select patients who are most likely to benefit from therapy.
Viral factors associated with a sustained virologic response include HCV genotypes other than genotype 1 and a low baseline viral load. Beneficial patient-related factors include younger age, nonblack ethnicity, low body weight (≤ 75 kg), low body mass index, absence of insulin resistance, and absence of advanced fibrosis or cirrhosis.
More recently, a single-nucleotide polymorphism near the interleukin 28B (IL28B) gene, coding for interferon lambda 3, was found to be associated with a twofold difference in the rates of sustained virologic response: patients with the favorable genotype CC were two times more likely to achieve a sustained virologic response than patients with the CT or TT genotypes. 15 by proteases during and after translation into four structural and six nonstructural proteins. The NS3/4A protease plays an important role in viral replication by cleaving the HCV polyprotein and releasing most of the nonstructural proteins (FIGURE 1). 18, 19 NS3/4A protease inhibitors rely on the principle of end-product inhibition, in which the cleavage product of the protease (a peptide) acts to inhibit the enzyme activity; this is why they are called peptidomimetics. The active site of the NS3/4A protease is a shallow groove composed of three highly conserved amino acid residues, which may explain why protease inhibitors display high antiviral efficacy but pose a low barrier to the development of resistance. protease inhibitors are prone to resistance The development of viral resistance to protease inhibitors has been a major drawback both boceprevir and telaprevir inhibit cyP3A to their use in patients with chronic HCV infection. 21 HCV is a highly variable virus with many genetically distinct but closely related quasispecies circulating in the blood at any given time. Drug-resistant, mutated variants preexist within the patient's quasispecies, but only in small quantities because of their lesser replication fitness compared with the wild-type virus. 22 When direct-acting antiviral therapy is started, the quantity of the wild-type virus decreases and the mutated virus gains replication fitness. Using protease inhibitors as monotherapy selects resistant viral populations rapidly within a few days or weeks.
HCV subtypes 1a and 1b may have different resistance profiles. With genotype 1a, some resistance-associated amino acid substitutions require only one nucleotide change, but with genotype 1b, two nucleotide changes are needed, making resistance less frequent in patients with HCV genotype 1b. 23 
■ boceprevir
Boceprevir is a specific inhibitor of the HCV viral protease NS3/4A.
In phase 3 clinical trials, boceprevir 800 mg three times a day was used with pegylated interferon alfa-2b (PegIntron) 1.5 µg/kg/week and ribavirin (Rebetol) 600 to 1,400 mg daily according to body weight.
Before patients started taking boceprevir, they went through a 4-week lead-in phase, during which they received pegylated interferon and ribavirin. This schedule appeared to reduce the incidence of viral breakthrough in phase 2 trials, and it produced higher rates of sustained virologic response and lower relapse rates compared with triple therapy without a lead-in phase.
Rapid virologic response was defined as undetectable HCV RNA at week 4 of boceprevir therapy (week 8 of the whole regimen).
boceprevir in previously untreated patients with hcv genotype 1: the sprint-2 trial The Serine Protease Inhibitor Therapy 2 (SPRINT-2) trial 1 included more than 1,000 previously untreated adults with HCV genotype 1 infection (938 nonblack patients and 159 black patients; two other nonblack patients did not receive any study drug and were not included in the analysis). In this doubleblind trial, patients were randomized into three groups:
• The control group received the standard of care with pegylated interferon and ribavirin for 48 weeks • The response-guided therapy group received boceprevir plus pegylated interferon and ribavirin for 24 weeks after the 4-week lead-in phase; if HCV RNA was undetectable from week 8 to week 24, treatment was considered complete, but if HCV RNA was detectable at any point from week 8 to week 24, pegylated interferon and ribavirin were continued for a total of 48 weeks.
• The fixed-duration therapy group received boceprevir, pegylated interferon, and ribavirin for 44 weeks after the lead-in period.
In the overall cohort, the rates of sustained virologic response were 63% in the responseguided therapy group and 66% in the fixedduration therapy group compared with 38% in the control group (P < .001 for both) (TABLE 2). In the subgroup of patients who were black, the rates were 42%, 53%, and 23%, respectively. Overall, 44% of patients in the response-guided therapy group were able to stop all treatment at 28 weeks.
The rate of relapse was 8% and 9% in the boceprevir groups vs 23% in the control group. Patients in the boceprevir groups who had a decrease in HCV RNA of less than 1 log 10 during the lead-in phase were found to have a significantly higher rate of boceprevirresistant variants than those who achieved a decrease of HCV RNA of 1 log 10 or more. boceprevir in previously treated patients with hcv genotype 1: the respond-2 trial The Retreatment With HCV Serine Protease Inhibitor Boceprevir and PegIntron/Rebetol 2) (RESPOND-2) trial 2 was designed to assess the efficacy of combined boceprevir, pegylated interferon, and ribavirin for repeat treatment of patients with HCV genotype 1. These patients had previously undergone standard treatment and had a reduction of 2 log 10 or more in HCV RNA after 12 weeks of therapy but with detectable HCV RNA during the therapy period or had had a relapse (defined as Anemia occurred in 45% to 50% of boceprevir recipients in sPrint-2 and resPonD-2 vs 20% to 29% in the control groups boceprevir and telaprevir could cost nearly $50,000 for a full course undetectable HCV RNA at the end of a previous course of therapy with HCV RNA positivity thereafter). Importantly, null-responders (those who had a reduction of less than 2 log 10 in HCV RNA after 12 weeks of therapy) were excluded from this trial.
After a lead-in period of interferon-ribavirin treatment for 4 weeks, 403 patients were assigned to one of three treatment groups:
• Pegylated interferon and ribavirin for 44 weeks (the control group) • Boceprevir, pegylated interferon, and ribavirin in a response-guided regimen • Boceprevir, pegylated interferon, and ribavirin for 44 weeks (the fixed-duration group). Sustained virologic response was achieved in only 21% of patients in the control group. Adding boceprevir increased the rate to 59% in the response-guided therapy group and to 67% in the fixed-duration group. Previous relapsers had better rates than partial responders (69%-75% vs 40%-52%).
Importantly, patients who had a poor response to pegylated interferon and ribavirin during the lead-in phase (defined as having less than a 1-log decrease in the virus before starting boceprevir) had significantly lower rates of sustained virologic response and higher rates of resistance-associated virus variants.
side effects of boceprevir
Overall, boceprevir is well tolerated. The most common side effects of triple therapy are those usually seen with pegylated interferon and ribavirin, such as flulike symptoms and fatigue (TABLE 2). However, anemia was more frequent in the boceprevir groups in both SPRINT-2 and RESPOND-2 (45%-50% compared with 20%-29% in the control groups). Erythropoietin was allowed in these studies and was used in about 40% of patients.
The other common side effect associated with boceprevir was dysgeusia (alteration of taste). Dysgeusia was reported by approximately 40% of patients; however, most dysgeusia events were mild to moderate in intensity and did not lead to treatment cessation.
In the SPRINT-2 trial, 1 the study drugs had to be discontinued in 12% to 16% of patients in the boceprevir groups because of adverse events, which was similar to the rate (16%) in the control group. Erythropoietin was allowed in this trial, and it was used in 43% of patients in the boceprevir groups compared with 24% in the control group, with discontinuation owing to anemia occurring in 2% and 1% of cases, respectively.
■ telaprevir
Telaprevir, the other protease NS3/4A inhibitor, has also shown efficacy over current standard therapy in phase 3 clinical trials. It was used in a dose of 750 mg three times a day with pegylated interferon alfa-2a (Pegasys) 180 µg per week and ribavirin (Copegus) 1,000 to 1,200 mg daily according to body weight. A lead-in phase with pegylated interferon and ribavirin was not applied with telaprevir, as it was in the boceprevir trials. Extended rapid virologic response was defined as an undetectable HCV RNA at weeks 4 and 12 of therapy.
telaprevir in previously untreated patients with hcv genotype 1
The ADVANCE study 3 was a doubleblind randomized trial assessing the efficacy and safety of telaprevir in combination with pegylated interferon and ribavirin in more than 1,000 previously untreated patients. The three treatment groups received: • Telaprevir, pegylated interferon, and ribavirin for 8 weeks, followed by pegylated interferon and ribavirin alone for 16 weeks in patients who achieved an extended rapid virologic response (total duration of 24 weeks) or 40 weeks in patients who did not (total duration of 48 weeks) • Telaprevir, pegylated interferon, and ribavirin for 12 weeks, followed by pegylated interferon-ribavirin alone for 12 (total of 24 weeks) or 36 weeks (total of 48 weeks) according to extended rapid virologic response • Standard care with pegylated interferon and ribavirin for 48 weeks. The rate of sustained virologic response was 69% in the group that received telaprevir for 8 weeks and 75% in the group that received it for 12 weeks compared with 44% in the control group (P < .0001 for both) (TABLE 2). Patients infected with HCV genotype 1b had a higher sustained virologic response rate (79%) than those infected with HCV genotype 1a (71%).
Sustained virologic response rates were lower in black patients and patients with bridging fibrosis or cirrhosis, but were still significantly higher in the telaprevir groups than in the control group. The results of this subset analysis were limited by small numbers of patients in each category.
In total, 57% of those who received telaprevir for 8 weeks and 58% of those who received it for 12 weeks achieved an extended rapid virologic response and were able to cut the duration of their therapy in half (from 48 weeks to 24 weeks).
The relapse rates were 9% in the telaprevir groups and 28% in the control group.
The rate of virologic failure was lower in patients who received triple therapy than in those who received interferon-ribavirin alone (8% in the group that got telaprevir for 12 weeks and 13% in the group that got it for 8 weeks, vs 32% in the control group). The failure rate was also lower in patients with HCV genotype 1b infection than in those with genotype 1a.
The ILLUMINATE study 4 (Illustrating the Effects of Combination Therapy With Telaprevir) investigated whether longer duration of treatment than that given in the AD-VANCE trial increased the rate of sustained virologic response. Previously untreated patients received telaprevir, interferon, and ribavirin for 12 weeks, and those who achieved an extended rapid virologic response were randomized at week 20 to continue interferonribavirin treatment for 24 or 48 weeks of total treatment.
The sustained virologic response rates in patients who achieved an extended rapid virologic response were 92% in the group that received pegylated interferon and ribavirin for 12 weeks, and 88% in those who received it for 48 weeks. Thus, the results of this study support the use of response-guided therapy for telaprevir-based regimens. telaprevir in previously treated patients with hcv genotype 1: the realiZe trial In this phase 3 placebo-controlled trial, 5 622 patients with prior relapse, partial response, or null response were randomly allocated into one of three groups:
• Telaprevir for 12 weeks plus pegylated interferon and ribavirin for 48 weeks
• Lead-in for 4 weeks followed by 12 weeks of triple therapy and another 32 weeks of pegylated interferon and ribavirin • Pegylated interferon and ribavirin for 48 weeks (the control group). The overall sustained virologic response rates were 66% and 64%, respectively, in the telaprevir groups vs 17% in the control group (P < .0001). The sustained virologic response rates in the telaprevir groups were 83% to 88% in prior relapsers, 54% to 59% in partial responders, and 29% to 33% in null-responders. Of note, patients did not benefit from the lead-in phase.
This was the only trial to investigate the response to triple therapy in null-responders, a group in which treatment has been considered hopeless. A response rate of approximately 31% was encouraging, especially if we compare it with the 5% response rate achieved with the current standard of care with pegylated interferon and ribavirin.
telaprevir side effects
As with boceprevir-based triple therapy, the most common adverse events were related to pegylated interferon (TABLE 2) .
Nearly 50% of patients who receive telaprevir develop a skin rash that is primarily eczematous, can be managed with topical steroids, and usually resolves when telaprevir is discontinued. Severe rashes occurred in 3% to 6% of patients in the ADVANCE trial, 3 and three suspected cases of Stevens-Johnson syndrome have been reported to the FDA.
Other side effects that were more frequent with telaprevir included pruritus, nausea, diarrhea, and anemia. On average, the hemoglobin level decreased by an additional 1 g/dL in the telaprevir treatment groups compared with the groups that received only pegylated interferon-ribavirin. Erythropoietin use was not allowed in the phase 3 telaprevir studies, and anemia was managed by ribavirin dose reduction.
In the ADVANCE trial, 3 study drugs were discontinued owing to adverse events in 7% to 8% of the patients in the telaprevir groups compared with 4% in the control group. In the ILLUMINATE trial, 4 17% of patients had to permanently discontinue all study drugs due to adverse events. 
drug interactions with boceprevir and telaprevir
Both boceprevir and telaprevir inhibit cytochrome P450 3A (CYP3A) and thus are contraindicated in combination with drugs highly dependent on CYP3A for clearance and with drugs for which elevated plasma concentrations are associated with serious adverse events, such as atorvastatin (Lipitor), simvastatin (Zocor), sildenafil (Viagra), midazolam (Versed), and St. John's wort. Giving potent inducers of CYP3A with boceprevir or telaprevir may lead to lower exposure and loss of efficacy of both protease inhibitors.
■ emerGinG therapies for hcv
Thanks to a better understanding of the biology of HCV infection, the effort to develop new therapeutic agents started to focus on targeting specific steps of the viral life cycle, including attachment, entry into cells, replication, and release. 24 Currently, more than 50 clinical trials are evaluating new direct-acting antivirals to treat HCV infection. 25 Monoclonal and polyclonal antibodies that target the molecular process involved in HCV attachment and entry are being developed. 26 The nonstructural protein NS5B (RNA polymerase) is intimately involved in viral replication and represents a promising target. 27 Several nucleosides and nonnucleoside protease inhibitors have already entered clinical trials.
2011 will be marked as the year that changed hepatitis c treatment for the better The low fidelity of the HCV replication machinery leads to a very high mutation rate, thus enabling the virus to quickly develop mutations that resist agents targeting viral enzymes. 28 Therefore, a novel approach is to target host cofactors that are essential for HCV replication. An intriguing study by Lanford et al 29 demonstrated that antagonizing microRNA-122 (the most abundant microRNA in the liver and an essential cofactor for viral RNA replication) by the oligonucleotide SPC3649 caused marked and prolonged reduction of HCV viremia in chronically infected chimpanzees. 29 Although we are still in the early stages of drug development, the future holds great promise for newer drugs to improve the sustained virologic response, shorten the duration of treatment, improve tolerability with interferon-sparing regimens, and decrease viral resistance.
■ future perspectives
With the introduction of the first direct-acting antiviral medications for HCV (boceprevir and telaprevir), 2011 will be marked as the year that changed hepatitis C treatment for the better. Triple therapy with pegylated interferon, ribavirin, and either boceprevir or telaprevir has the potential for increasing the rate of sustained virologic response to around 70% in previously untreated patients and 65% in previously treated patients who are infected with HCV genotype 1. The IL28B polymorphisms appear to play a role in the rate of sustained virologic response achieved with triple therapy, with preliminary data showing a better response rate in patients who have the CC genotype. 17 These drugs will add up to $50,000 to the cost of treating hepatitis C virus infection, depending on the drug used and the length of treatment. However, they may be well worth it if they prevent liver failure and the need for transplantation.
Many questions remain, such as how to use these new regimens to treat special patient populations-for example, those with a recurrence of HCV infection after liver transplantation, those co-infected with HCV and human immunodeficiency virus, and those infected with HCV genotypes other than genotype 1.
Other direct-acting antiviral agents that specifically target the replication cycle of HCV are currently in clinical development. In fact, the future has already started with the release of the Interferon-Free Regimen for the Management of HCV (INFORM-1) study results.
30
This was the first trial to evaluate an interferon-free regimen for patients with chronic HCV infection using two direct-acting antiviral drugs (the protease inhibitor danoprevir and the polymerase inhibitor RG7128), with promising results.
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